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(54) Electro-optic distance-measuring device

(57) A distance measuring device comprises a
light source (101) emitting light, and such an electro-optic
modulator (21, 22, 23) arranged such that the emitted
light passes through the electro-optic modulator (21, 22,
23) in a first direction before being emitted from the dis-
tance measuring device, and after being reflected from

a target passes through the electro-optic modulator (21,
22, 23) in a second direction which is opposite to the first
direction. The forward electro-optic response of a mod-
ulating region (17) of the electro-optic modulator (21, 22,
23) is the same as the backward electro-optic response,
and a centre of gravity of the modulation is independent
of modulation frequency.
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Description

[0001] The invention relates to an electro-optic dis-
tance measuring device as described in the preamble of
the corresponding independent claims.
[0002] Relevant distance-measuring devices are
known from EP 0 205 406, EP 0 313 518, EP-A-1 647
838, WO 97/18486 and EP patent application number 10
405 078, for example. The content of said applications
is incorporated in its entirety by reference for elucidating
the functioning of the Fizeau method for absolute dis-
tance measurement.
[0003] Fig. 1 schematically shows a distance measur-
ing device for measuring absolute distance according to
the prior art: A light source 101 emits light, typically in
the visible or infrared range, with centre wavelength λ,
the spectral width Δλ of the source being broad enough
in order to ensure a low coherence light emission. The
parallel light beam emitted by the broadband source 101
illuminates a polarising beam splitter 102, which ensures
a linear polarization state for one of the transmitted
beams. The polarized beam passes through an electro-
optic crystal 103 having electrodes 104 on opposite
sides. The incident light beam is polarized at 45° to the
main axes of the electro-optic crystal 103, called slow
(extraordinary) and fast (ordinary) axis, with different re-
fractive indices ne > no, respectively. Two waves resulting
from the projection on the orthogonal axes of the incident
light field propagate in the electro-optic crystal 103 with
a 90° polarization angle between them. The electrodes
104 allow to apply an electric field parallel to one of the
main  crystallographic axis of the electro-optic crystal
103. A sinusoidal electric signal with a frequency f is gen-
erated by a signal source 108 and applied to the elec-
trodes 104. This electric field generates a modification
of the refractive index difference between the slow and
the fast optical axes of the crystal. A phase modulation
is thus introduced between the two orthogonal waves.
The value of the index of modulation relative to the slow
axis αs and to the fast axis αf depends on the electro-
optic coefficient r of the for the crystal orientation consid-
ered, on the cube of the refractive index of the slow and
fast axis respectively, on the distance gap between the
electrodes, on the crystal length and on the optical wave-
length, and on the voltage amplitude of the electrical sig-
nal. The polarization directions(s) along the path of the
light indicated by small arrows.
[0004] At the output of the electro-optic crystal 103, a
quarter wave plate 105 is placed with its axes oriented
at 45° with respect to the main axes of the electro-optic
crystal 103. The light beam after passing through the
quarter wave plate 105 passes on, along the distance to
be measured, to reach a target. A corner mirror 106 or
other reflecting element is fixed to the target, reflecting
the light back to the optical source. After passing a sec-
ond time through the quarter wave 105 plate, the two
orthogonal waves of the returning light are rotated by 90°
and cross the electro-optic crystal 103 a second time,

now in the opposite direction. The wave which was mod-
ulated the first time along the slow axis is now modulated
along the fast axis, while the wave which was modulated
along the fast axis the first time is now modulated along
the slow axis. The modulation being experienced by the
light is the same for the light passing in the forward and
backward direction, but is a delayed by the time of flight
of the wave on its way to the target and back. The return-
ing light and part of the emitted light are then recombined
at the second polarizer output port. The two resulting
linear waves can now interfere. The resulting beam, mod-
ulated in amplitude according to the interference, is cap-
tured by a photoreceiver 107.
[0005] Thus, basically, a light beam, from a laser or
from a broadband light source, is generated, and guided
by a focusing optical unit onto a polarizing beam splitter
for  linearly polarizing the light, and is subsequently guid-
ed onto a measurement path by an electro- optical mod-
ulator, a lambda/ 4 retarder and an exit optical unit. Light
returning along the measurement path passes through
the elements mentioned as far as the polarizing beam
splitter and is guided onto a detector by the latter. An
evaluation unit serves for determining the length of the
measurement path on the basis of the detector signal.
[0006] What is of relevance in the present context is
that, in this method, outgoing and returning measurement
light is modulated in a modulator. By variation of the fre-
quency of said modulation, a minimum of the intensity of
a detected measurement light beam is determined (or
substantially synonymously, a zero-crossing of the de-
rivative of the intensity). The length of the measurement
path between the measurement device and a retroreflec-
tor or a semi-cooperative target is determined from the
minimum frequency. A semi-cooperative target returns
at least part of incident light along the direction of the
incident light, e.g. by diffuse reflection.
[0007] Current implementations of Fizeau-priciple
based distance-measuring devices use electro-optic
modulators with bulk crystals exhibiting the Pockels-ef-
fect. In order to reach the voltages of several 100 V (over
a crystal width of ∼1mm) required for full modulation, the
modulator needs an electrical drive-power of ∼1W, and
the crystal is placed in a electrical resonator. Setting a
particular modulation frequency requires mechanical
tuning of the resonator, thus limiting the measurement
rate (to e.g. 20 Hz).
[0008] It is desirable to speed up the measurement by
using an integrated optics modulator in a distance meas-
urement device. However, since the measurement prin-
ciple of the distance measurement device requires the
light to pass the modulator twice, in opposing directions,
known single pass modulators are not suitable.
[0009] It is therefore an object of the invention to create
a distance measuring device, using an integrated optics
modulator which is traversed by both outgoing and re-
turning light.
[0010] A further object of the invention is to create a
distance measuring device having an electro-optical
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modulator which can be operated with lower modulating
voltages and with lower power consumption than known
modulators.
[0011] These objects are achieved by a distance
measuring device according to claim 1.
[0012] The electro-optic distance measuring device
thus comprises an electro-optic modulator which in
turn comprises a waveguide of a nonlinear optical mate-
rial, and electrodes arranged to generate an electrical
field in a modulating region of the waveguide when a
voltage is applied to the electrodes, thereby modulating
the phase of light passing through the waveguide. There-
in

d the forward electro-optic response of the modu-
lating region is the same as the backward electro-
optic response (in other words: the effect, such as
the phase shift, on light passing the modulator in one
direction and light passing in the opposite direction
is the same).

[0013] In an embodiment, the electro-optic response
in the used modulation frequency range has a flat (e.g.
low-pass or band-pass) characteristic. In an embodi-
ment, this means that over a bandwidth over 125 MHz
the loss of electro-optic response is less than 25%, or
that over a bandwidth over 125 MHz the electro-optic
response varies by less than 25%.
[0014] This allows the use of the modulator in an ap-
plication in which two beams of light pass through the
modulator in opposite directions and where it is important
that the two beams be modulated with a high frequency,
e.g. in the GHz range, in essentially the same manner.
[0015] Note: A "band-pass characteristic" means, as
is commonly known, that the electro-optic response is
essentially zero when a DC voltage is applied to the elec-
trode line, and with increasing frequency rises to a max-
imum and then falls again at least once. Similarly, a "low-
pass characteristic" means that the electro-optic re-
sponse is essentially at its maximum ("initial maximum")
when a DC voltage is applied to the electrode line, and
with increasing frequency falls continuously, either for all
frequencies, or only up to a particular frequency, at which
it reaches a minimum after which it rises again to a further
maximum, usually to a level lower than the initial maxi-
mum, and falls again. This falling and rising may repeat
itself for increasing frequencies, usually with decreasing
height of the maxima.
[0016] With such an integrated optics modulator with
a very small waveguide and electrode separation, the
field strength required for full modulation is thus reached
with a modulation voltage of only a few Volts, resulting
in a dramatic reduction of drive-power and no need for
an external resonator and its time consuming mechanical
tuning any more.
[0017] In an embodiment, the centre of gravity of mod-
ulation is independent of modulation frequency. The cen-
tre of gravity of modulation is a point along the waveguide.

Its location yCOG is defined as the integral, over the po-
sition along the waveguide, of the product of the phase
modulation per unit length a with the position y, divided
by the integral, over the position along the waveguide,
of the phase modulation. That is 

where y1 and y2 are the beginning and the end position
of the modulation region along the waveguide axis Y. As
a result, the centre of gravity of modulation divides the
waveguide into two sections, with the total modulation of
the light in both sections being the same (the total mod-
ulation in one section is the integral of the modulation
along the section).
[0018] The distance measuring device comprises
the electro-optic modulator. This allows the distance
measuring device to perform at a high measurement rate
with high accuracy and with low power consumption.
[0019] In an embodiment, the distance measuring de-
vice comprises a light source emitting light, with the elec-
tro-optic modulator being arranged in the distance meas-
uring device such that light emitted by the light source
passes through the electro-optic modulator in a first di-
rection before being emitted from the distance measuring
device, and such emitted light after being reflected from
a target outside the distance measuring device passes
through the electro-optic modulator in a second direction
which is opposite to the first direction.
[0020] In an embodiment, the modulating region com-
prises a first subregion and a second subregion and the
electrode line is capable to effect on light passing in one
direction through the first subregion the same modulation
as on light passing in the opposite direction through the
second subregion.
[0021] The superposition of the electrical fields from
the two line sections affecting the modulation region re-
sults in the electrical field in the waveguide oscillating
like a standing wave, symmetrical along the length of the
lines, which in turn causes the symmetrical optical re-
sponse.
[0022] In an embodiment, the electrodes comprise a
first branch and a second branch and a midpoint between
the two branches, wherein the electrodes are able, when
connected to an electric microwave signal source, to gen-
erate an electrical field distribution in the waveguide that
is symmetrical with respect to the midpoint.
[0023] As a result, light passing through the waveguide
along the length of the modulating section in one direction
experiences the same total phase shift (which is the in-
tegral  of the time dependent and location dependent
voltage induced phase shift along the modulating sec-
tion) as light passing in the opposite direction at the same
time. In other words, the forward electro-optic response
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is the same as the backward electro-optic response.
[0024] Such a symmetrical configuration regarding the
electrical properties of the branches allows to get the
same electro-optic response in the forward and in the
backward directions of propagation of light in the optical
circuit. The symmetrical configuration regarding the elec-
trical properties can be obtained by geometric symmetry
of the branches.
[0025] Thus, in an embodiment, the shape of the elec-
trode line comprising the first and the second branch is
symmetric with respect to the midpoint. The shape of the
electrode line may be mirror- symmetric with respect to
a plane passing through the midpoint and normal to the
waveguide. Alternatively, the shape of the electrode line
can have a rotational symmetry around an axis passing
through the midpoint and normal to the plane in which
the electrode line lies.
[0026] In an embodiment, a bottom face of the sub-
strate, opposed to the surface at which the waveguide
and electrode line are arranged (top surface), is not par-
allel to the top surface, or in other words, the bottom face
is inclined relative to the opposite, top surface (wedged
shape). The substrate thus has the shape of part of a
wedge. This reduces or eliminates acoustical resonanc-
es that may arise in the substrate due to the piezo-elec-
trical effect.
[0027] In summary, the electro-optic modulator com-
prises one or more of the following features:

d A birefringent electro-optic crystal.
d The ordinary and extraordinary axes are orthog-
onal to the direction of propagation of light.
d The direction of propagation of light is parallel to
one of the ordinary axis
d The symmetrical configuration allows to get the
same electro-optic response in the forward and in
the backward directions of propagation of light in the
optical circuit.

[0028] The subject matter of the invention will be ex-
plained in more detail in the following text with reference
to preferred exemplary embodiments which are illustrat-
ed in the attached drawings, which schematically show:

Fig. 1 the structure of an optical distance meas-
uring device for measuring absolute dis-
tance;

Fig. 2a, 2b the frequency dependence of a signal
measured in the distance measuring de-
vice;

Fig. 3a, 3b an integrated phase modulator with sym-
metrical electrodes; and

Fig. 4 the frequency response of the amplitude
of the electro-optical phase modulation of
the modulator of Fig. 3.

[0029] In principle, identical parts are provided with the
same reference symbols in the Figures.

[0030] Convention: A phase modulator uses an elec-
tro-optic crystal. The index of modulation will define the
so-called half wave voltage Vπ. The half-wave voltage is
a characteristic of an electro-optic modulator and corre-
sponds to the voltage that needs to be applied to the
crystal in order to modify the optical phase of transmitted
light by π-radians.
[0031] A guided wave configuration of an electro-optic
modulator is as follows: a straight optical waveguide is
shaped in a crystal surface, allowing the confinement of
light in a small channel whose cross section is of some
micrometers in width and height. Coplanar electrodes
are arranged near the waveguides with a gap of some
micrometers, allowing to apply a strong electric field to
the waveguide. The half wave voltage can reduced to a
few volts. much less than for bulk crystal modulators.
[0032] Guided wave modulators in, e.g. lithium nio-
bate, can work at very high frequencies, thanks to this
low voltage configuration. Special travelling wave elec-
trodes, made of coplanar waveguides (CPW) microwave
lines allows to get a phase matching condition between
the optical wave propagating in the waveguide and the
microwave propagating in the CPW lines, both waves
travelling in the same direction and a the same velocity.
Generally, in a high speed travelling wave integrated op-
tic modulator, the microwave electrical signal is fed by
one side of the modulator to the input strip of the CPW
line, close to the optical input of the waveguide. The end
of the microwave line is set near the optical waveguide
output.
[0033] Using an integrated phase modulator in a dis-
tance meter arrangement as in Fig. 1,  it can be shown
that the shape of the average electrical power P (f) at the
output of the photoreceiver 107, as a function of modu-
lation frequency, is similar to the curve shown in Fig. 2a.
The main property is that the zeros of P (f) remain in
place. Ideally, the curves are symmetrical, which is a pre-
condition for the distance measurement, which needs to
determine a zero point of the curve. In one method for
determining the zero point, rather than determining the
zero point itself, two points to the left and right of the zero
point having the same power P (fka) =P (fkb)  are deter-
mined. The frequency of the zero point, assuming sym-
metry of the curves, is then computed as (fka+fkb) / 2.
However, depending on the geometrical and physical
properties of the microwave electrodes, the shape of the
curve around the zero points may become asymmetrical.
This is shown in Fig. 2b. This in turn distorts the distance
measurement. With the criterion P (fka) =P (fkb), the
asymmetry can cause the resulting (fka+fkb) / 2 to be
different from the correct fk, introducing an error in the
determination of the absolute distance L.
[0034] Furthermore, it is possible to demonstrate that
if the electrodes are fed just by the middle of the electrode
lines, P (f) becomes equal to zero, and a perfect symme-
try of the response of the modulator is recovered for both
the forward and backward directions of propagation of
light. Furthermore, the centre of gravity of modulation
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remains at the same location, independent of the mod-
ulation frequency.
[0035] A possible design is thus that two parallel lines
are fed by an input electrical strip set at the exact centre
of the electrodes, yielding a perfect symmetry to the de-
vice whose response is totally independent of the direc-
tion of propagation of the light.
[0036] Fig. 3a in a top view and Fig. 3b in a cross
sectional view show such an integrated phase modulator
with such symmetrical electrodes: In a substrate 21, a
waveguide 22 is embedded, and an coplanar electrode
pair 23 is arranged to apply a field to the waveguide 22.
One electrode of the electrode pair 23 is fed by an input
strip 24 or first contact section from, for example, a signal
generator 26, the other electrode is connected by an out-
put strip 25 or second contact section to, for example, a
termination resistor arrangement 27.
[0037] The electrodes 23 comprise a first branch 3a
and a second branch 3b. These branches 3a, 3b both
start at the first and second contact sections, i.e. at the
input strip 24 and output strip 25 (both, for example, of
microstrip type), but extend along the waveguide 22 in
opposite directions. Each of the branches 3a, 3b com-
prises a first electrode section 11 connected at one end
to the input strip 24 and running along the waveguide 22,
and a second electrode section 12 connected at one end
to the output strip 25 and running along the waveguide
22. The first and second electrode sections 11, 12 can
be arranged symmetrically with regard to the waveguide
22. Each of the branches 3a, 3b ends at a corresponding
branch endpoint 9a, 9b. The input strip 24 is electrically
connected to and supplied by a signal generator 26, the
output strip 25 is electrically connected to a termination
element such as a resistor 27, whose impedance can be
matched to the characteristic impedance of the elec-
trodes. The  input strip 24 and output strip 25 are located
at a midpoint 16 along the length of the electrodes and
are preferably symmetrically shaped and attached, each
by a T-coupler 8, to the beginning of the first line sections
11 and the second line sections 12, respectively.
[0038] The electrodes 23 give the electro-optic modu-
lation response a low pass filter characteristic and con-
sequently are not ideally suited to work at high frequen-
cies (e.g. in the GHz range). This effect can be reduced
to a limited degree by shortening the electrode length,
but this in turn increases the required half wave voltage
Vπ.
[0039] An electrical signal on the electrode branches
3a, 3b generates an electrical field in the vicinity of the
branches 3a, 3b. A section of the waveguide 22 in which
this field affects the light passing along the waveguide
22 shall be called modulation region 17. Its length is es-
sentially the length of the electrode along the waveguide
22, in other words, the sum of the extension of the first
and second branch 3a, 3b. For each branch 3a, 3b, the
electrical fields of the two sections 11, 12 are superposed,
with the resulting superposed or total field affecting the
modulation region 17. The first branch 3a influences the

light in a first subregion 17a, the second branch 3b influ-
ences the light in a second subregion 17b of the modu-
lation region 17. In the embodiment presented in the
present application, the electrode length essentially
equals the length of the modulation region 17, and the
extension of each branch 3a, 3b equals the length of the
corresponding subregion 17a, 17b.
[0040] Fig. 3b shows a cross section along the XZ-
plane of the integrated phase modulator of Fig. 3a. In
addition to the elements already described, this figure
schematically shows a bottom face 15 opposite the face
carrying the electrode lines and having an inclined or
wedged surface. This eliminates or at least reduces
acoustical resonances that may be generated when the
electrical signal is applied to the electrodes 23.
[0041] Fig. 4 schematically shows the frequency re-
sponse of the amplitude of the electro-optical phase mod-
ulation Δφ(f): The amplitude of the phase modulation ap-
plied to the light wave propagating in the waveguide 22
follows a low pass function. That is, the amplitude has
its maximal value at a frequency of zero, has lower values
for nonzero frequencies, and falls monotonically up to a
certain frequency, after which it can rise and fall again
repeatedly, but only up to maximal values that decrease
one after the other as the frequency increases. The fre-
quency response can be simulated, given the geometry
of the modulator and in particular of the electrodes. Con-
versely, given a particular requirement regarding the fre-
quency response, such as a condition on the flatness of
the response in a particular frequency range, it is straight-
forward to design the modulator and in particular the size
of the electrodes.
[0042] A distance measuring device utilising an in-
tegrated modulator as presented in the foregoing prefer-
ably has a structure and is operated like the distance
measuring device of Fig. 1, but with the bulk electro-optic
crystal 103 replaced an integrated modulator 21, 22, 23
as described herein.
[0043] In an embodiment, the centre frequency of the
microwave signal is, for example, in the range between
2 and 3 GHz. The modulation bandwidth is, for example,
in the range of several hundreds of MHz. This is well
suited for distance measurement applications.
[0044] While the invention has been described in
present embodiments, it is distinctly understood that the
invention is not limited thereto, but may be otherwise var-
iously embodied and practised within the scope of the
claims. For example, whereas the embodiments shown
so far use a single source connected to the input strip
and a terminating resistance connected to the output,
alternative embodiments can have a generalized imped-
ance or a second source connected to the output.

Claims

1. An electro- optic distance measuring device com-
prising an electro- optic modulator, wherein the elec-
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tro- optic modulator comprises a waveguide (22) of
a nonlinear optical material and electrodes (23) ar-
ranged to generate an electrical field in a modulating
region (17) of the waveguide (22) when a voltage is
applied to the electrodes (23), and thereby to mod-
ulate the phase of light passing through the
waveguide (22), 
characterised in that

d the forward electro- optic response of the
modulating region (17) is the same as the back-
ward electro- optic response.

2. The distance measuring device of claim 1, wherein
the electro-optic response of the modulating region
(17) has a flat characteristic.

3. The distance measuring device of claim 1 or 2,
wherein the electro-optic response of the modulating
region (17) has a low-pass characteristic.

4. The distance measuring device of claim 1 or 2,
wherein the electro-optic response of the modulating
region (17) has a band-pass characteristic.

5. The distance measuring device of one of the preced-
ing claims, comprising a light source (101) emitting
light, the electro-optic modulator being arranged in
the distance measuring device such that light emitted
by the light source (101) passes through the electro-
optic modulator in a first direction before being emit-
ted from the distance measuring device, and such
emitted light after being reflected from a target out-
side the distance measuring device passes through
the electro-optic modulator in a second direction
which is opposite to the first direction.

6. The distance measuring device of one of the preced-
ing claims, wherein a centre of gravity of the modu-
lation is independent of modulation frequency.

7. The distance measuring device of claim 6, wherein
centre of gravity of modulation divides the waveguide
into two sections, with the total modulation of the
light in both sections being the same.

8. The distance measuring device of one of the preced-
ing claims, wherein

d the modulating region (17) comprises a first
subregion (17a) and a second subregion (17b)
and the electrodes (23) are capable to effect on
light passing in one direction through the first
subregion (17a) the same modulation as on light
passing in the opposite direction through the
second subregion (17b).

9. The distance measuring device of one of the preced-

ing claims, wherein the electrodes (23) comprise a
first branch (3a) and a second branch (3b) and a
midpoint (16) between the two branches, wherein
the electrodes (23) are able, when connected to an
electric microwave signal source, to generate an
electrical field distribution in the waveguide (22) that
is symmetrical with respect to the midpoint (16).

10. The distance measuring device of one of the preced-
ing claims, wherein the shape of the electrodes (23)
comprising the first and the second branch (3a, 3b)
is symmetric with respect to the midpoint.

11. The electro-optic modulator of claim 10, wherein the
shape of the electrodes (23) is mirror-symmetric with
respect to a plane passing through the midpoint and
normal to the waveguide (22).

12. The distance measuring device of claim 10, wherein
the shape of the electrodes (23) has a rotational sym-
metry around an axis passing through the midpoint
and normal to the plane in which the electrode line
(3) lies.

13. The distance measuring device of one of the preced-
ing claims, in which a bottom face (15) of the sub-
strate (1), opposed to the surface at which the
waveguide (22) and electrode line (3) are arranged,
is wedged, that is, inclined relative to the opposite
surface.
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